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measured after infection by room nebulisation. This situation
raises concerns, as it could impact the statistical power of a study
and may require increasing the number of animals per group in
future studies. Objectives: This report aims to evaluate individual
nebulisation as a reﬁnement of the experimental EIV infection
model. Methods: Meta-analysis of clinical examination records
and virus shedding measured in naïve Welsh mountain ponies
experimentally infected with the FC2 EIV strains A/eq/Cam-
bremer/2012 and A/eq/Northamptonshire/1/13 by room or indi-
vidual nebulisation. Results from 5 independent studies were
analysed. Results: Experimental infection by room nebulisation
using the EIV strain A/eq/Cambremer/2012 revealed a notable
heterogeneity of the clinical and virological responses between
studies. Overall, the homogeneity of these responses was clearly
improved when the EIV A/eq/Cambremer/2012 infectious dose
was delivered by individual nebulisation. This result was
conﬁrmed when 2 studies, using the EIV A/eq/Northamptonshire/
1/13 strains delivered by individual nebulisation, were compared.
Advantages/disadvantages of individual nebulisation when
compared to room nebulisation: More controlled dose delivered
and better homogeneity of the response measured in control
animals. The individual nebuliser used in these studies (FlexiNeb)
showed great improvements when compared to previous models
described, being noiseless, self-contained, light, resistant, with a
rapid delivery of the infectious dose (<2min), no requirement to
sedate the animal and is easy to decontaminate. However, ani-
mals do require some acclimatisation prior to infection. Conclu-
sion: This report analyses the clinical and virological responses
induced by room or individual EIV nebulisation. It reviews the
advantages and disadvantages of this nebulisation methods used
for the experimental EIV infection model. Individual nebulisation
proved to be efﬁcient and effective for the experimental infection
of ponies with EIV, which helps to maintain the number of ani-
mals per group to the minimum necessary and required in order
to obtain meaningful results, which adheres to the 3R’s (Replace,
Reduce and Reﬁne) principles.
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Inﬂuenza A viruses (IAVs) pose a constant threat to humans and
animals and horses are no exception to this rule. In the last 60
years, horse populations have been invaded by at least three
distinct IAVs of likely avian origin. The ﬁrst equine inﬂuenza virus
(EIV) to be isolated was an H7N7 IAV that circulated for approx-
imately 20 years before becoming extinct. The second EIV to be
reported was an H3N8 virus that originated in South America and
is still circulating in horses despite the availability of vaccines. A
third EIV was isolated in Jilin, China, during a large epizootic with
highmorbidity andmortality. This virus, which only circulated for
a couple of years, was also of the H3N8 subtype, albeit phyloge-
netically different from the “classical” EIV discovered in 1963.
Evolution plays a key role in post-transfer adaptation during the
establishment of emergent viruses in new host species. However,
the molecular mechanisms that underpin this process are not
known. Here, we combined phylogenetics with in vitro assays and
reverse genetics technology to examine the evolutionarydynamics of EIV adaptation from a functional perspective. We
excluded antigenic drift from our analysis as the antigenic evo-
lution of EIV has already been studied. Our results show that EIV
post-transfer adaptation is a multigenic trait and that evolu-
tionary distinct EIVs exhibited different strategies to overcome
the host innate immune response. We also observed that the ef-
ﬁciency in genome replication changed over time. Finally, we
examined the transcriptome of equine cells infected with adapted
or non-adapted H3N8 IAVs to explore the intracellular pathways
that might be important during IAV adaptation to the horse.
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Equine inﬂuenza viruses (EIVs) cause severe respiratory disease in
horses across the world. EIV is classiﬁed as inﬂuenza type A virus
under family Orthomyxoviridae. Like other inﬂuenza viruses, EIV
also evolved into various lineages and sub-lineages which are
circulating globally. The cross-species jumping of equine origin
H3N8 has also been observed to infect dogs and pigs. As inﬂuenza
viruses completely dependent on host cellular machinery for
their replication, their adaptability in a particular host is signiﬁ-
cantly inﬂuenced by codon usage of virus. Therefore, under-
standing of codon usage of EIVs will help in elucidating the
mechanism of evolution and host adoption. In present study, we
analyzed genome-wide codon usage patterns in 92 EIVs including
both H3N8 and H7N7 subtypes by computing several codon usage
indices. The complete genome sequences of EIVs isolated during
1963-2013, were retrieved from the “Flu database, NCBI” and data
set was generated by concatenating the open reading frames
(ORFs) of each strain. The nucleotide composition analysis
revealed that A/U-ended codons might be preferred over G/C-
ended codons in EIVs. The relative synonymous codon usage
(RSCU) values of each codon revealed that among 18 most
abundantly used codons in EIVs, 14 were A/U-ended and 4 were
G/C-ended codons in H3N8 genotypes, whereas patterns of syn-
onymous codon usage in H7N7 genotypes was quite different.
Similar ﬁnding also reported in H5N1, H1N1 and H3N2 viruses.
We also noticed close homology in RSCU pattern of horse and dog
compared to donkey, despite belonging to same Equidae (horse
and donkey) family. The abundance of CpG dinucleotide in EIV
genomes was low which contribute in codon usage bias towards
escaping the host antiviral immune response, as low unmethy-
lated CpG is available for stimulating host innate immune system.
The ENc analysis revealed high codon usage bias in H7N7 than
H3N8. Furthermore, we compared the codon usage pReferences
of EIVs with respect to different host species using codon adap-
tation index (CAI). It is interesting to note that CAI of H3N8 iso-
lated from horse and canine were identical. The similarity also
found in other indices values of canine H3N8 with equine H3N8.
This clearly suggests that the equine H3N8 crossed the species
barrier and started infecting the canines. Besides, codon usage
pReferences of haemaggutinin and neuraminidase were low
compared to other genes, because of their less opportunity for
interaction with host factors. The ENc-plot and neutrality plot
analysis indicated that the mutational pressure is not the sole
factor in shaping the codon bias, but other factors also involved in
the process. Possible explanation of extinction of H7N7 might be
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CAI, lowmutation pressure and very less adaption of tRNA pool of
equine cells. Hence, the study increased our understanding of
factors involved in viral adaptation, evolution, and ﬁtness towards
their hosts.
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Since 1963, Equine inﬂuenza virus (EIV) H3N8 subtype has been
responsible for numerous outbreaks of respiratory disease in
horses worldwide. The aim of this work was to study the mo-
lecular characteristics of H3N8 EIV detected in Argentina, esti-
mate their diversiﬁcation and infer the potential source of
infections. Nucleotide and deduced amino acid (aa) sequences for
the complete HA gene of the EIV detected in Argentina between
1985 and 2012 were analyzed along with sequences obtained
from the Inﬂuenza Research database. Maximum Likelihood (ML)
and Bayesian phylogenetic trees were built up. Bayesian coales-
cent analyses were carried out to estimate the time of the most
recent common ancestors (tMRCA) and the dynamic population
growth. The phylogenetic trees demonstrate that H3N8 EIV
detected in Argentina grouped in 4 well-supported monophyletic
clades: Group VIII (G.VIII), South American clade 1 (SA1) and 2
(SA2), and Florida clade 1 (FC1). The viruses circulating in
Argentina in 1985 (n¼2), together with a Chilean strain, formed
G.VIII (tMRCA~1984). The EIVs detected during the period 1993-
1996 (n¼5) grouped in the SA1 (tMRCA~1992), composed only by
Argentinian strains, and their most probable origin was a Ken-
tucky 1992 strain. The strains circulating in the period 1997-2005
(n¼8) grouped in the SA2 (tMRCA~1997), formed a monophyletic
group together with a 2006 Chilean strain, and were closely
related to California 1997 and Kentucky 1994 strains, feasible
ancestors of this group. The viruses detected in 2012 (n¼6)
grouped within the FC1 (tMRCA~2011) and formed a cluster with
the viruses detected in Florida in 2011. The demographic recon-
struction showed a remarkable increase in viral diversity in 2006,
a slight decrease between 2007 and 2009, and an abrupt decrease
since 2009. Compared with A/eq/Fontainebleau/79 (pre-diver-
gent prototype strain), Argentinean strains belonging to G.VIII
have 9 aa substitutions: T46I, A93T, R140K, T182S, G222W, V223I,
I267V, I187B and L199S, these last two situated at the antigenic
site B. In comparison with A/eq/Newmarket/1/93 (American
lineage reference strain), the SA 1 Argentinean viruses carried 4
aa substitutions: N132K, Q189N, Q190E and E193K, the last 3 at
the antigenic site B, and the SA2 strains showed only one aa
substitution at the antigenic site D (I214V). The possible ancestors
for SA1 and SA2 also possess the same aa substitutions at the
antigenic sites B and D, respectively. EIV Argentinean strains
detected in 2012 belonging to FC1 contained 5 aa substitutions in
comparison with A/eq/Ohio/01/03 (FC1 reference strain): G7D,
R62K, D104N, A138S and V223I. In addition, two different sub-
populations can be recognized among them, one with a substi-
tution in K-14A and the other one in K-14T and M70V, this last
(M70V) being present only in Argentinean strains. Except for K-
14A and M70V, the strain considered to be the origin of the group
(A/eq/Florida/146609/11) has the same aa substitutions. The ob-
tained results allow us to hypothesize that the outbreaks of
equine inﬂuenza in Argentina were due to 4 introductions of vi-
rus, presumably from North America. The rapid increase in therelative genetic diversity in 2006 could be due to the co-circula-
tion of different lineages, while the abrupt decline observed after
2009 could be related to a subsequent reduction in transmission
of EIV H3N8 connected to the incorporation of Florida Clade 2
strains in vaccines.
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In 1979, inﬂuenza caused a major epidemic amongst horses
across Europe including Newmarket, UK. Subsequently, vaccines
were produced using multiple outbreak strains including A/
equine/Newmarket/79 and A/equine/Fontainebleau/1/79 (both
subtype H3N8) which prevented further UK outbreaks until 1989
when a new antigenic drift variant emerged. The A/equine/Sus-
sex/89 (H3N8) strain came from one of the affected regions in the
UK where both unvaccinated and, notably, vaccinated horses
were affected. The accumulation of mutations within important
antigenic epitopes of the virus surface glycoprotein haemag-
glutinin (HA) can lead to a decrease in the efﬁciency of antibody
recognition. To study this phenomenon in relation to the
outbreak, three mutations, previously shown to have a pro-
nounced effect on recognition by ferret sera, have been incorpo-
rated into equine inﬂuenza pseudotyped lentiviruses (PVs). PVs
provide a ﬂexible platform for virological mutagenesis studies
and antibody screening assays. The PVs were generated via co-
transfection of HEK293T/17 cells with four plasmids expressing
the equine inﬂuenza HA surface glycoproteins, HIV gag-pol, ﬁreﬂy
luciferase reporter gene and TMPRSS2 endoprotease (to cleave
the HA which is necessary for viral infectivity). The resulting vi-
ruses were harvested and pseudotype virus antibody neutraliza-
tion assays (PVNAs) against Newmarket/79-speciﬁc sera (to
mimic the pre- and post-outbreak situation) were performed.
Neutralizing antibodies provide protection and the PVNA is a
sensitive technique to measure such protective antibody re-
sponses compared to other traditional assays (HI and SRH) that
measure antibody inhibited surface glycoprotein binding. The
PVNA highlighted speciﬁc single amino acid mutations in the
putative major epitope sites that altered the ability of the sera to
neutralize the PVs, indicating their importance in vaccine pro-
tection.
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Vaccination with inactivated vaccines is the primary means of
control of equine inﬂuenza which is caused by the infection with
equine inﬂuenza viruses of the H3N8 subtype. Many outbreaks
have been reported among vaccinated horses primarily due to the
antigenic mismatch between the vaccine strains and the ﬁeld
strains. We previously reported that the horse antiserum raised to
